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FOREWORD 


This  report  was  prepared  in  the  Nuclear  Weapons  Effects  Division 
(NWED),  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES),  under  the 
sponsorship  of  the  U.  S.  Array  Engineer  Division,  Huntsville.  The  work 
was  accomplished  during  the  period  March  through  December  1970.  During 
this  time,  Mr.  G.  L.  Arbuthnot,  Jr.,  was  Chief  of  NWED. 

This  report  was  prepared  by  Mr.  William  J.  Flathau,  Chief,  Protec¬ 
tive  Structures  Branch,  NWED,  and  is  essentially  a  thesis  submitted  in 
partial  fulfillment  of  the  requirements  for  the  degree  of  Master  of 
Science  in  Civil  Engineering  to  the  Mississippi  State  University,  State 
College,  Mississippi. 

Directors  of  WES  during  the  preparation  and  publication  of  this  re¬ 
port  were  COL  Levi  A.  Brown,  CE,  and  COL  Ernest  D.  Peixotto,  CE.  Tech¬ 
nical  Director  was  Mr.  F.  R.  Brown. 
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Al^STliAcn' 


Dynar.ic  tensile  tests  were  conducted  at  rapid,  Inl  cniiCdi  ate ,  ai'4 
slow  rates  of  strain  on  specimens  of  IIo.  11  reinforcing  bars  of  ibaacies 
()0  and  1'}  i'illet  steel.  As-rolled  bars,  niachined  b  :rs,  Ini' -welded 

splices,  I'hemiit  splices,  and  Cadweld  splices  were  pi-opai-ed.  The  as- 
rolled  and  machined  specimens  w.'re  'e:;ied  ]>!  itnai  i ly  1o  ilc’eiT.iii''  t 'no 
tensile  strontiLli  characleristlca  of  1  he  I'lrades  ■  e'  and  7‘j  laia;  fo;-  use 
vdien  assessing  how  effective  i.hc  various  spliced  r.]>ecii:e.'n:-  Wi-re  wiion 
tested.  All  tests  were  conducted  in  a  P00,000-})ound-e'ip'iei  ty  dytr'ci.ic 
loader. 

Under  all  loading  rales,  the  breaking  strength  for  -all  tliree  splice 
types  was  greater  than  ‘he  IP'j  pei'cerit  of  iioadtial  yield  required  by  stand¬ 
ards  set  forth  by  the  Ar:erioan  ■'Concrete  Ins' i  lute,  tlr-  ;''e:ierican  V’eldir.g 
Society,  and  the  Concrete  Reinforcing  Steel  Institute.  Apparently,  how¬ 
ever,  t.he  heat  produced  by  the  tlu-ee  splicing  raethods  apr-reciabl y  re¬ 
duced  the  ductility  of  all  cp''iced  bars,  'fhe  strains  in  ‘ 'ne  b'-rs  wi'.eii 
any  of  th»  splice  types  failed  were  generally'  less  than  Py  percen'  sf 
the  moxiiniwi  s'. rain  achieved  by  the  as-rolled  or  r.aciiinod  bars  at  rupture. 
Very  few  of  tlie  spliced  bars  n.et  ASTM  standards  fsr  r.i;',ii:\ur  elorigations 
of  7  and  5  percent,  respectively,  for  Orades  CO  and  7*5  bars,  'ibe  l:\stt- 
wolded  splices,  Thermit  splices,  and  Cadweld  splices  all  perfon.ed  sat¬ 
isfactorily'  under  rapid  rates  of  loading.  However,  it  is  Velieved  tb.'it 
better  quality  control  can  be  aebieved  at  a  lossej-  cost  visirig  eiti'.e'’  a 
i'herriit  or  Cs.dweld  splice  in  lieu  of  a  butt-welded  splice. 

Tlie  tirade  60  l  ars  'weie  i^.ore  ductile  i  ban.  '.be  tiiad.e  yy  l  avj  aivi  ■■  '.re 
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CHAPTEB  1 


INTRODUCTION 


1 . 1  BACKGROUND 

In  the  design  of  reinforced  concrete  structures  to  resist  dynemic 
forces  such  as  those  produced  by  earthquakes  or  blasts  from  nucleeu- 
detonations,  the  loading  rate  influences  the  magnitude  of  the  yield 
strength^  ^  of  the  steel  reinforcement  as  veil  as  the  compressive 
strength  of  the  concrete.  Hence,  an  increase  in  yield  strength  means 
an  increase  in  the  energy-absorbing  capacity,  i.e.  resistance,  of  the 
reinforced  concrete  structural  system.  Economic  considerations  neces¬ 
sitate  designing  blast-resistant  structures  to  respond  in  the  inelastic 
rsuige  of  response  to  take  full  advantage  of  the  energy-absorbing  capac¬ 
ity  of  the  system  instead  of  designing  a  system  well  within  the  elastic 
range  of  response  as  is  done  for  conventional  design.  In  most  large 
structures,  it  is  necessary  to  splice  reinforcing  bars;  hence,  it  is 
essential  that  the  connection  be  capable  of  transferring  at  least  as 
much  load  as  the  bar  itself  is  able  to  sustain.  Bars  greater  than  size 
No.  11  should  be  spliced  either  by  mechanical  means  or  by  welding;  codes 
(ACI,  AWS,  and  CRSl)^*^  require  that  these  spliced  joints  be  able  to  with 
stand  a  stress  greater  than  125  percent  of  the  nominal  yield  strength  of 
the  grade  bar  being  used. 

From  a  search  of  the  literature,  it  appears  that  only  a  limited  num¬ 
ber  of  studies  (Keenan,  Siess,  and  Cowell), primarily  of  small-sized 
bars,  have  been  conducted  to  determine  the  increase  in  yield  strength 
of  steel  reim'orcing  bars  with  increases  in  loading  rates.  Only  one 
study  examined  the  influence  of  rapid  loads  on  the  response  of 
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reinforcing  bars  that  had  been  spliced  by  a  butt-waldlng  technique; 
no  other  references  were  found  describing  dynamic  tests  of  bars  spliced 
by  use  of  other  techniques.  In  all  these  referenced  studies,  the  main 
reason  for  conducting  tests  on  small-sized  reinforcing  bars  was  the 
limited  capacity  of  available  dynamic  loading  equipment.  Available  at 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES)  is  a  dynamic 
ram  loader  ^  that  can  apply  200,000  pounds  of  force  within  l-l/2  msec, 
thus  making  it  possible  to  test  large-sized  steel  reinforcing  bars  at 
very  rapid  loading  rates.  Information  derived  from  such  tests  would  be 
very  useful  to  designers  of  structures  to  resist  dynamic  loads.  How¬ 
ever,  static  tests^"*  have  been  conducted  for  large-sized  reinforcing 
bars  tliat  were  spliced  by  use  of  four  different  techniques,  i.e.  the 
butt-weld,  Thermit,  Cadweld,  and  Hewlett  techniques. 

There  are  essentially  three  types^  of  steel  (i.e.  billet  steel, 
a615;  axle  steel,  A617;  and  rail  steel,  a6i6)  used  in  making  deformed 
reinforcing  bars.  Of  the  three  types,  the  billet-steel  bars  are  most 
commonly  used.  Within  the  billet-steel  bar  types  are  three  grades, 
i.e.  ho,  60,  and  75.  The  m.inimum  tensile  strength  and  minimum  yield 
point  for  these  grades,  respectively,  are  70,000  and  40,000  psi; 

90,000  and  60,000  psi;  and  100,000  and  75,000  psi.  The  Grades  60  and 
75  bars  are  being  found  more  useful  as  a  building  material,  for  strate¬ 
gic  structures  designed  to  resist  dynamic  loads  and,  consequently,  were 
considered  in  this  study.  The  ASTM  specifications  for  these  two  grade 
bars  are  described  in  References  15  and  l6,  respectively.  The  ASTM 
specifications  for  deformation  requirements  and  mechanical  testing  of 
steel  products  are  given  in  References  17  and  l8,  respectively. 
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1.2  OBJECTI\"E 


The  primary  objective  of  this  study  was  to  determine  the  effective¬ 
ness  of  three  different  splicing  techniques  (butt-weld,  Thermit,  and  Cad- 
well  techniques)  for  No.  11  reinforcing  bars  made  of  billet  steel,  a615, 
for  Grades  60  and  75  when  stressed  in  tension  at  various  loading  rates. 

Secondary  objectives  included: 

1.  A  determinatiou  of  the  dynamic  strength  characteristics  of  the 
twc  grades  of  steel  used. 

2.  An  investigation  to  verify  the  magnitude  of  loads  applied  to 
the  test  specimens. 

3.  A  meas'urement  of  postyielu  strain  using  an  optical  tracker. 

1.3.  SCOPE 

A  total  of  59  tests  were  conducted  at  three  different  general 
rates  of  strain  (rapid,  intermediate,  and  slow)  on  2-l/2-foot-lo.ng 
specimens  of  No,  11  reirXorcing  bars  cf  Grades  60  and  75,  both  grades 
being  of  the  sajr.e  type,  i.e.  billet  steel,  A5l5.  Tne  deformations  on 
all  bars  were  of  the  barrel  rib  type  except  for  two  special  Cadweld 
specimens  that  had  "X'‘  type  deformations.  The  bars  were  spliced  ac¬ 
cording  to  specifications  stipulated  by  the  Concrete  Reinforcing  Steel 
Institute  as  well  as  by  instructions  from  the  suppliers  of  the  Cadweld 
and  Thermit  splices,  ■•'anufacturers '  representatives  prepared  the  spec¬ 
imens  using  both  Cadweld  and  Thermit  splices.  Machined  and  as-rolled 
bars  were  also  tested  to  determine  the  basic  te  'ile  strength  charac¬ 
teristics  of  the  Grades  60  and  75  steel  bars.  A  sc.  ..  .e  of  tests  for 
the  various  types  of  specimens  is  shown  in  figure  1.1.  All  tests  were 
conducted  with  the  WES  200-klp-capacity  loader. 
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Ail  spec:r\ens  were  instrurnented  with  strain  ga(_;es  in  an  attempt 
tc  d'jtcmine  t!v,i  state  of  strain  at  various  locations  on  the  test  bars. 
Accelerometers  wore  attached  to  the  grippers  holding  the  bars  in  order 
to  determine  the  acceloration-tir.e  histories  of  the  mass  at  the  ends 
of  tiie  bars  foi'  vine  in  assessing  the  influence  of  inertial  effects. 
l\'o  optical  trackers  were  used  to  measure  strain  over  an  8-inch  gage 
longti.  for  spliced  bars  and  over  a  3-inch  gage  length  for  machined 
bars.  It.o  trackers  were  especiallj'  useful  in  determining  strain  across 
'.ho  tr.roc  types  cf  splices  tested.  A  three-degree-of -freedom  mathe- 
'■iatioal  spring -mass  model  of  the  loading  system  was  formulated  by  lurnc- 
iiiO  the  mass  cf  the  upper  and  lower  grips,  the  test  specimen,  and  load¬ 
ing  ram.  By  using  this  for.mulation,  it  was  possible  to  determine  the 
true  load  applied  to  the  test  specimens  during  rapid  loading  tests. 

l.-r  v.nEA^IOUS  WORK 

'fhe  most  recent  and  perhaps  most  pertinent  work  related  to  this 

.Stull'  is  described  in  References  10,  11,  12,  and  lb.  In  only  one 
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st'idy“  did  the  author  att‘=mpt  to  determine  the  influence  that  the 
inertial  forces  of  the  grip  and  load  cell  wo’old  have  on  the  load 
apolicd  tc  the  specimen;  for  these  tests  it  appeared  that  such  forces 
were  negligible.  However,  for  rates  of  strain  greater  than  were  con¬ 
sidered,  the  influence  of  inertia  could  become  significant.  A  brief 
s'utnmary  of  References  10,  11,  12,  and  lU  follows. 

1.  Reference  10  (Keenan  and  Feldman).  A  total  of  3^  tests  were 
conducted  using  intermediate-grade  (A15)  steel  reinforcing  bars  of  sizes 
6,  7,  a.na  9*  lu  most  tests,  the  maximum  stress  level  was  reached  in  a 
time  cf  6  msec  and  then  held  constant  until  yielding  was  complete.  If 


1+ 


the  peak  stress  level  was  slightly  greater  than  the  static  yield  strength, 
the  delay  time  to  reach  yield  was  long  (up  to  several  seconds),  but  if 
the  peak  stress  was  much  greater,  the  delay  time  was  short,  (i.e,  several 
milliseconds).  The  authors  believed  that  even  though  these  tests  were 
not  conductea  at  a  constant  strain  rate,  the  results  were  reliable.  The 
static  yield  strengths  ranged  from  t0,500  to  d.-',900  psi,  and  the  dynamic 
yield  strengths  varied  from  i,02  to  149  percent  ci'  the  static  yield  value, 
depending  on  the  strain  rate. 

2.  Reference  11  (Siess).  A  total  of  59  tests  were  conducted,  35 

rapid  a,nd  24  static  load  tests,  using  rio.  6  bars  cf  tv.-o  tc-pes  of  steel, 
i.e,  intermediate  grade  (A15)  and  high  strengt'r.  (Aatl).  The  main  p’urpose 
of  this  study  was  to  determine  the  effectiveness  of  intermediate -grade 
and  high-strengt:i  bars  tlidt  had  bee.n  butt  wel’ied.  The  tests  were  about 
equally  diviaed  between  butt-welded  and  as-rolled  specimens.  Tne  tic.e 
tc  load  for  the  high-strength  bars  rai'.ged  frem  0.C05  to  0.C13 

sec.  T!ie  ti.me  to  yield  for  the  interr.ediate-graiie  oars  rantted  fro'c 
about  0.003  to  O.O-Ob  sec.  In  these  tests,  tlie  cyr.am.ic  yield  stre.ngths 
were  only  slightly  greater  (up  to  5  percent)  than  the  static  strengths 
for  both  the  high-  and  low-strength  steels.  Also,  the  v.’elied  bars  per¬ 
formed  about  the  some  as  the  as-rciled  bars  except  in  the  cases  of 
poor  welds. 

3.  Reference  12  (Cowell).  A  total  of  94  tests  were  conducted  using 
No,  8  reinforcing  steel  bars  of  four  different  types,  i.e.,  A15  (inter¬ 
mediate  grade),  AI5  (hard  grade),  Aii31  (75,000-psi  mir.im'jr.  yield),  a.nd 
A432  (40,000-psi  minimum  yield).  The  effects  of  strain  rate  (up  tc 

1,7  in/i.n/sec)  and  machine  testing  speed  (up  to  30  in/sec)  on  the  upper 
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yield  ;:troi:s  iini  tensile  streniTth  of  each  steel  were  determined.  At 
Lae  r!'.!ix i::iVLi;  sLiTiiti  rate,  t!ie  percentage  increases  in  upper  yield  stress 
c'.'t;r  tt.e  static  values  were  ^3,  *uid  18  and  the  percentage  increases 
ir.  lower  yielvl  stresses  were  i!9>  -7,  and  11  for  the  Al^  intermediate, 

Al‘>  aard,  and  A4d;'  grades  of  steel,  respectively.  The  increase  in 
yield  stress  was  9  percent  at  the  maximum  strain  rate  for  the  AU3I 
steel.  The  yield  and  tensile  stresses  for  machined  bars  were  slightly 
niglior  th.un  t'’.e  vetlueo  obtained  for  the  as-rolled  bars  for  all  four 
tj-pes  of  steel. 

4.  Reference  l4  (Holt).  A  total  of  98  static  tensile  tests  were 
coiv.iuotod  using  No.  9,  id,  l'*,  and  IS  reinforcing  steel  bars  all  classed 
as  intenr.ediate -grade  steel  (A15).  Tested  were  butt-welded,  Thermit, 
Cadweld,  and  Kowlett  splices  along  with  as-rolled  bars  to  determine 

the  basic  strength  characteristics  of  the  various  bars.  The  stacic 
yield  strengths  I'cr  the  foui'  bar  types  ranged  from  40,000  to  60,000 
psi,  and  the  static  tensile  strengths  ranged  from  93 >000  to  103,000  psi. 
Ail  spliced  rebar  specimens  developed  tensile  strengths  that  were 
greater  than  125  percent  of  the  nominal  yield  strength  of  40,000  psi. 
Stress-strain  data  for  each  specimen  are  presented  in  graphiceJ.  and 
tabular  form  in  Reference  14.  An  extensometer  using  a  linear  variable 
differential  transformer  (LVDT)  was  used  to  measure  the  deflection 
across  the  various  splices  during  each  test  for  the  purpose  of  deter¬ 
mining  strain  across  a  spliced  joint. 

5.  References  19  through  26.  Other  pertinent  references  dealing 
primarily  with  the  strength  characteristics  of  steel  as  influenced  by 
strain  rate  aind  temperat’ure  effects  are  listed.  The  resxilts  from  these 
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studies  wore  widely  used  in  the  studios  described  in  the  preceding 
paragraphs  . 
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CTIAPTLR  2 
H^OCtDURES 

A  i.otal  of  seven  JIo.  11  bars  of  Grade  60  and  four  No.  11  bars  of 
Grade  7b  all  having  barrcl-t^'pe  deformations  verc  procured.  The  origi- 
ii;ii  Iciifrtb  of  all  bars  was  approximately  20  feet.  S'r.own  iri  Table  2.1 
are  the  chemical  a.nd  physical  properties  of  the  bars  according  to  the 
r.ii'l  repor',  provided  by  th'O  manuTavturer .  .cir.ee  ;'ive  different  t;,'pcs 
o:  s  peci.mei'.s ,  i.e.,  as- rolled  bars,  maciiined  ears ,  butt-welded  splices, 
Tl'.crrait-'welded  splices,  and  Cadweld  splices,  were  prepared,  they  were 
randomly  selected  from  the  various  bars  so  that  all  of  one  tyve  would 
not  be  prepared  from  only  one  or  two  bars  (see  I'ifure  2.1).  Two  special 
speci.mons  (Tests  201  and  202}  irj3.de  fro.m  Gr.ade  75  bars  having  "X”  de¬ 
formations  were  prepared  with  Cadweld  splices.  This  type  bar  is  not 
shown  in  I'ig'jrc  2.1  but  can  be  scon,  in  Figure  3.5.  An  independent 
che.mical  analysis  was  made  for  the  special  bar  (Test  201),  the  weld 
••naterial  in  a  butt-welded  splice,  and  the  Grades  vO  and  75  bars.  Re¬ 
sults  of  this  analysis  are  summarized  in  Table  2.2. 

2.1  rREPARATTON  OF  SPECr-'£NS 

The  specim.en  selection  for  the  various  Grades  vO  and  ','’5  bars,  in¬ 
cluding  the  numbering  system  used  as  well  as  the  weight  of  each  bar 
with  upper  and  lower  grippers  attached,  is  shov-Ti  in  Table  2.2.  The  rec- 
.metric  properties  (bar  diameter,  defor.mation  sp'acing,  gap,  etc.)  of  the 
reinforcing  bars  used  are  summarized  in  Table  2.U.  The  measured  diam¬ 
eters  (and  hence  areas)  were  less  than  nominal  values  but  were  witliin 
tolerable  limits  (CRSI  sind  ASTM).^’  The  measured  areas  were 
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vif  hill  !j  pT  i-  'ont  difforent'e  allowed.  The  spacing  and  measuremonts  of 
d> c'-ormnl ions  L-.et  all  spec ii'ical ions.  The  total  gap  thickness  is  the  sum 
oi  tliickncsses  cl'  longitudinal  ribs.  For  Grade  60  bars,  there  are  three 
vil'p;  for  Grade  '5  bars,  there  are  four  ribs.  The  standards  do  not 
stipulate  any  minimum  width  for  deformations. 

'^.1.1  As-P.olled  Bars.  These  specimens  (Figure  2.1)  were  saw  cut 
from  tlie  reinforcing  bars  and  were  each  2-1/2  feet  long.  The  ends  were 
threaded  so  that  a  special  nut  could  be  placed  wb.en  tl'.e  ends  of  th.o 
bars  v.-ero  inserted  in  the  wedge-t^Tie  grippers  used  to  b.old  the  speci- 
.mens  during  a  test. 

^■1.2  Mach. ned  Bars .  Ihese  bars  were  also  2-1/2  feet  long  but 
were  prepared  with  a  double  nec’ited-do-wn  section  tb.at  was  carefully 
machiiied.  A  drawing  showing  the  dimensions  for  these  bar  types  is 
presented  in  Figure  2.2.  The  necked-do’wn  portions  v/ere  very  carefully 
machined  so  that  the  diameters  of  the  cross  sections  were  within  0.000^1 
inch  for  those  lengths  of  iTiachined  section. 

2,1.:.  Butt-Welded  Splice.  Specimens  2-1/2  feet  long  were  first 
cut  from  the  various  rebars  and  sawed  in  half  at  an  angle  of  about  23 
degrees  to  the  centerline  of  the  bar.  The  bevel  on  one  of  the  halves 
was  then  saw  cut  so  that  when  the  bars  were  butt  together  the  interior 
angle  that  was  formed  ranged  from  46  to  50  degrees  to  conform  to  recom¬ 
mendations  in  Reference  7  (AWS).  A  cut  specimen  and  a  completed  splice 
of  a  single -bevel  groove  weld  are  shown  in  Figure  2.3. 

The  welding  techniques  used  conform  to  the  practices  described  in 
Reference  7.  Fcr  welding  both  the  Grades  60  and  75  bars,  5/32- inch- 
diameter,  low-hydrogen  electrodes  (E7018)  were  used.  These  electrodes 
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conform  to  the  American  Welding  Society  Classification  E70XX.  Only  the 
Grade  75  bars  were  preheated  to  a  temperature  of  450  F .  Preheating 
•was  done  with  a  torch,  and  the  temperature  was  measured  with  a  thermo¬ 
couple.  The  \inwelded  Grade  75  bars  were  first  positioned  in  a  steel 
angle  prior  to  heat  treating  in  order  to  maintain  proper  alignment . 

The  angle  not  only  served  as  an  alignment  Jig  but  also  as  a  heat  sink 
that  helped  to  maintain  even  preheat  temperatures  for  the  bar.  VJelding 
v/as  acco.T.plished  by  qualified  welders  with  a  dc  manual  electric  arc 
welding  unit  operating  at  l40  amps  dc.  All  welded  specimens  were 
X-rayed  by  the  Mid-South  X-Ray  Company  of  Jackson,  Mississippi,  and  it 
was  determined  that  all  welded  butt  Joints  v/ere  satisfactory  (see 
Table  2.5). 

2.1.4  Thermit-Welded  Splice.  Used  in  this  process  are  various 
mixtures  of  metal  oxides  and  metallic  reducing  agents  that,  upon  igni¬ 
tion,  react  to  produce  heat.  During  welding,  the  reaction  produces  so 
much  heat  that  it  leaves  the  products  of  the  reaction  in  a  superheated 
molten  state.  The  Thermit  mixture  for  welding  reinforcing  bars  pro¬ 
duces  superheated  molten  welding  steel  of  the  following  typical  anal¬ 
ysis  :  carbon  (C),  0.42  percent;  manganese  (I'in) ,  0.54  percent;  phos¬ 
phorus  (P),  0.04  percent;  and  sulphur  (S),  0.04  percent.  Additional 
information  is  presented  in  the  manufacturer's  brochure  (Reference  27). 

A  complete  splicing  kit  and  a  rebar  to  be  spliced  are  shown  in  Figure 
2.4,  The  bars  were  spliced  according  to  the  following  step-by-step 
procedure  under  the  supervision  of  a  representative  fro.m  the  manufac- 
ttirer  of  the  Thermit  kits . 

1.  Step  1 ,  Alignment  of  Bars .  All  bars  to  be  spliced  were  aligned 
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in  a  jig  made  of  structural  steel  angles  so  that  each  bar  was  on  the 
same  centerline  and  maintained  in  this  geometry  for  the  entire  welding 
cycle.  In  all  cases,  the  vertical  gap  between  bars  was  not  less  than 
1/2  inch  nor  more  than  5/8  inch. 

2.  Step  2 ,  Placing  Molds .  Half  molds  were  attached  to  the  bars 
and  temporarily  held  in  place  using  a  pair  of  spring  clamps  (see  Fig¬ 
ure  2.5).  Bolts  were  then  inserted  through  the  three  holes  in  the  mold 
below  the  bar  and  through  the  two  above  the  bar.  The  bolts  were 
tightened,  and  the  spring  clamps  removed. 

3.  Step  3»  Positioning  Molds.  The  molds  were  then  moved  along 
the  bars  until  the  poiiring  gate  was  centered  over  the  gap  between  the 
bars.  Holding  the  molds  in  a  vertical  position,  wedges  vfere  slipped 
into  cavities  on  each  side  of  the  mold  between  the  bar  and  the  mold  to 
prevent  sliding  or  rotation  (see  two  molds  on  the  left  in  Figure  2.6). 

4.  Step  4,  Luting  the  Molds.  Asbestos  cord  approximately  equal 
in  length  to  the  circxxmference  of  the  bar  was  placed  around  the  bar 
and  firmly  pushed  into  the  bell-shaped  cavities  on  each  side  of  the 
mold.  The  bell-shaped  cavities  were  next  filled  with  a  special  mijcture 
of  sand  and  clay  ('No.  2  luting  material)  that  was  very  permeable.  The 
mixture  was  carefiilly  pressed  into  the  deepest  recesses  of  the  flare, 
taking  care  not  to  slide  the  mold  along  the  bar  during  the  process 
(see  two  molds  on  the  right  in  Figure  2.6). 

5.  Step  5>  Placing  Tapping  Disk.  One  10-gage  steel  tapping  disk 
1-1/4  inches  in  diameter  was  then  dropped  into  the  small  well,  called 
the  tap  well,  at  the  bottom  of  the  large  cavity  (see  Figure  2.7).  A 
screwdriver  was  used  to  tap  the  disk  firmly  into  place. 
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6.  Step  6,  Addition  of  Thermit.  The  entire  bag  of  Thermit  was 
added  on  top  of  the  disk  (see  Figure  2.8). 

7.  Step  7»  Ignition  of  ihermit  Reaction.  A  half  teaspoon  of 
starting  Thermit,  which  is  an  exothermic  mixture  with  a  very  low  igni¬ 
tion  point,  was  placed  at  the  top  center  of  the  Thermit  mixture  that 
was  placed  in  the  crucible  section  of  the  mold  during  Step  6  (see 
Figure  2.9).  A  long  match  was  then  used  to  ignite  the  starting  Thermit, 
which,  in  turn,  ignited  the  main  body  of  Thermit  (see  Figure  2.10). 

The  superheated  molten  metal,  with  slag  floating  on  the  top,  melted 
through  the  1-l/U-inch  tapping  disk.  The  molten  metal  then  flowed 
through  the  gap  between  the  bars,  with  some  of  the  hot  fluid  entering 
the  discharge  cavity  after  transferring  a  considerable  amount  of  heat 
to  the  bars.  By  the  time  the  discharge  cavity  had  been  filled  accord¬ 
ing  to  manufacturer's  instructions,  the  bars  were  completely  ihased. 

8.  Step  8,  Disassembling  and  Finishing  the  Weld.  Disassembly  of 
the  welding  unit  was  begun  approximately  10  .min  after  ignition.  The 
mold  as  it  appeared  after  the  molten  metal  had  cooled  somewhat  is  shown 
at  the  upper  center  in  Figure  2.11.  A  view  of  a  bar  'with  the  used  mold 
removed  is  shown  at  the  lower  left  in  Figure  2.11. 

2.1.^  Cadweld  Splice.  The  bars  to  be  spliced  were  connected  by 
a  loosely  fitting  metal  sleeve.  A  graphite  crucible  was  placed  over 
the  sleeve  and  filled  with  Cadweld  powdered  metal.  The  pov/der  was  ig¬ 
nited,  and  the  ensuing  exothermic  reaction  produced  a  molten  metal  that 
flowed  through  an  opening  in  the  metal  sleeve  and  filled  the  cavity  be¬ 
tween  the  outside  surface  of  the  rebar  and  the  inside  surface  of  the 
metal  sleeve.  Under  tension,  the  bar  transferred  load  in  shear  to  the 

Cadweld  metal  which  in  turn  transferred  the  load  to  the  internally 
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f'.foovcd  splice  sleeve.  The  contents  of  a  rebar  splicing  kit  are  shovm 
In  Fi.g^irc  2.12.  Additional  information  about  the  process  is  presented 
in  a  brochure  published  by  the  manufacturer  (Reference  28) .  The  Cad- 
weld  material  produces  metal  having  the  following  typical  analysis; 
carbon  (c)  ,  O.U3  percent;  nkanganese  (Mn) ,  0.86  percent;  chromium  (Cr), 
0.87  percent;  and  molybdeniun  (Mo),  0.21  percent.  The  bars  were  spliced 
according  to  ‘che  following  step-by-step  procedure  under  the  supervision 
of  the  manufacturer's  representative. 

1.  Step  1,  Alignment  of  Bars.  All  bars  to  be  spliced  were  aligned 
in  a  jig  made  of  structural  steel  angles  so  that  each  bar  was  on  the 
same  centerline  and  maintained  in  this  geometry  for  the  entire  welding 
cycle.  In  all  cases,  the  vertical  gap  between  bars  was  about  1/4  inch, 
'[’he  ends  of  the  bars  to  be  spliced  were  inspected  to  insure  that  they 
were  clean  and  dry  before  placement  of  the  metal  sleeve. 

2.  Step  2,  Placing  Metal  Sleeve.  The  sleeve  was  positioned  with 
the  top  hole  direct.ly  over  the  gap  between  the  bar  ends .  Asbestos 
packing  was  then  wrapped  (two  txirns)  around  the  rebar  and  against  each 
end  of  the  sleeve  (see  Figure  2.13).  The  packing  was  not  forced  into 
the  sleeve. 

3.  Step  3>  End-Alignment  Fittings.  These  fittings  were  placed 
on  the  rebar  at  each  end  of  the  sleeve.  They  were  then  slid  over  the 
packing  and  snugly  locked  in  place  over  the  sleeve  (see  Figure  2.l4). 

4.  Step  4,  Horizontal  Packing  Clamp.  This  clamp  was  placed  in 
position  and  tightened  by  turning  a  hand  knob  in  order  to  squeeze  the 
end-nj-ignment  fittings  tovrard  the  sleeve,  thus  wedging  the  packing 
securely  against  the  sleeve  and  rebar  to  prevent  leaking  (see 

i' LflUfc  2.15). 
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5.  Step  Guide  Tube  and  Ceramic  Insert.  The  guide  tube  (see 
Figure  2.15)  was  placed  in  the  hole  in  the  top  of  the  sleeve  and  then 

a  ceramic  insert  was  positioned  around  the  guide  tube  (see  Figure  2.16). 

6.  Step  6,  Seating  of  Pouring  Basin.  The  pouring  basin  was 
placed  over  the  ceramic  insert  and  secured  to  the  sleeve  by  tightening 
a  chain  attached  to  the  pouring  basin  (see  Figure  2.1?).  The  chain 
was  tightened  just  enough  to  keep  the  assembly  from  tipping. 

7 .  Step  7»  Crucible  Attachment  and  Addition  of  Cadweld  Powder . 

The  graphite  crucible  was  attached,  and  then  a  steel  disk  was  placed 
over  the  top  hole  of  the  pouring  basin.  The  Cadweld  powder  was  added, 
and  starting  powder  was  placed  evenly  over  the  top  surface  (see  Figure 
2.l8).  The  crucible  extension  was  then  placed  on  top  of  the  graphite 
crucible . 

Step  8,  Ignition.  The  starting  powder  was  ignited  with  a 
flint  gun  (Figure  2.19). 

9.  Step  9 »  Removal  of  Crucible  and  Other  Fittings.  Approximately 
1  min  after  the  filler  metal  had  solidified,  the  crucible  and  other 
fittings  were  removed.  The  splice  with  the  residue  riser  composed  of 
slag  and  meta].  can  be  seen  in  Figure  2.20. 

2.1.6  Method  of  Gripping  Specimens.  Special  care  was  given  to 
using  a  gripping  system  that  would  not  slip  under  load  or  cause  high 
stress  concentrations  to  the  specimen.  All  specimens  except  the 
machined-bar  specimens  were  anchored  in  wedge-shaped  holders  filled 
with  babbitt  metal.  A  detailed  drawing  of  one  of  these  holders  is 
shown  in  Figure  2.21. 

A  special  angle  jig  was  used  to  hold  the  grippers  with  a  test  bar 
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in  place  (see  Figure  2.22).  Molding  clay  was  packed  around  the  inter¬ 
section  of  the  bar  with  the  grippers.  The  entire  assembly  was  raised 
to  a  vertical  position,  and  then  molten  babbitt  metal  was  poured  into 
the  end  of  the  gripper  to  a  prescribed  height  (see  Figure  2.23).  Sheet- 
metal  inserts  were  used  to  protect  the  threaded  portions  of  the  gripper 
ond  test  bar  during  the  pouring  operation.  An  end  view  of  one  of  the 
grippers  showing  the  solidified  metal  in  the  well  is  shown  in  Figure 

2.24.  The  end  nut  also  shown  in  the  figure  was  then  attached,  and  the 
bar  was  ready  for  testing. 

The  grippers  for  the  machined-bar  specimens  were  much  simpler  in 
design,  as  the  ends  of  the  bars  could  be  threaded  and  screwed  into  the 
two  grippers .  A  detailed  drawing  of  this  gripper  is  shown  in  Figure 

2.25. 

A  bar  in  place  in  a  poured  gripper  ready  for  testing  is  shown  in 
Figure  2.26,  and  a  machined  bar  with  one  gripper  attached  is  shown  in 
Figure  2.27.  The  two  holes  visible  in  the  gripper  on  the  right  were 
used  for  attaching  an  accelerometer.  The  weights  for  all  the  test 
bars  including  the  weight  of  the  grippers  are  summarized  in  Table  2.3. 

2 . 2  INSTRUMENTATION 

The  bars  with  end  grips  attached  were  screwed  into  the  upper  and 
lower  connections  of  the  200-kip- capacity  loader.  Load  cells  were 
integral  parts  of  the  connections,  the  lower  cell  measuring  the  applied 
load  and  the  upper  cell  meas\iring  the  reactive  load. 

All  specimens  were  instrumented  with  strain  gages  in  an  attempt 
to  determine  the  state  of  strain  at  various  locations "on  the  test  bars. 
Accelerometers  were  attached  o  the  upper  and  lower  grippers  holding 
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the  bars  in  order  to  determine  the  accelsratiot\-time  histories  of  the 
mass  at  the  ends  of  the  bars  for  use  in  assessing  the  influence  of  in¬ 
ertial  effects.  An  optical  tracker  was  used  to  measure  strain  over  an 
3- inch  gage  length  for  all  specimens  except  machined  bars,  for  which 
strains  were  measured  over  a  3-inch  gage  length;  this  device  was  espe¬ 
cially  useful  in  determining  strain  across  the  three  types  of  splices 
tested.  On  certain  machined  bars,  high-speed  .movies  were  taXen  in  an 
attempt  to  studoi'  the  develop.ment  of  failure.  The  gage  locations  for 
the  five  types  of  specimens  considered  are  sr.cwi,  in  Figure  2.28,  and 
the  rioasureraer.ts  made  for  each  test  are  presented  in  Table  2.6.  An 
instrumented  riachined  specimen  in  place  and  ready  for  testing  is  sha.-m 
in  Figure  2.29.  The  two  optical  trackers  used  to  measure  primarily 
posttest  yield  straitj  can  be  seer,  in  the  foreground. 

2.2.1  Load.  Load  cells,  or  dynamometers,  having  a  maximum  capa¬ 
city  greater  than  200  kips  were  attached  to  the  grippers  at  each  end 
of  a  test  bar  in  order  to  measure  the  applied  and  reactive  forces  d'or- 
ing  a  test.  The  cells  were  carefully  machined  from  4130  steel  quenched 
and  tempered  to  produce  a  minimum  yield  strength  of  100,000  psi.  Four 
120-ohm  strain  gages  were  mounted  on  the  surface  at  the  midheight  of 
each  gage.  One  set  of  two  strain  gages  .mounted  l80  degrees  apart 
sensed  vertical  strains,  and  ^wo  gages  that  formed  the  second  set  (also 
l80  degrees  apart)  were  mounted  to  sense  circumferential  strains.  The 
gages  were  connected  electrically  to  form  a  Wheatstone  bridge,  with 
strain  gages  in  each  set  as  opposite  arms  of  the  bridge.  In  this  con¬ 
figuration,  the  net  contribution  to  the  electrical  i.mbalance  of  the 
bridge,  wheoher  the  cell  is  strained  in  tension  or  co.mpression,  is 
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always  additive.  When  the  load  cell  is  in  tension,  the  vertical  strain 
r;ages  elongate,  resulting  in  an  increase  in  gage  resistance.  At  the 
same  time,  the  circumferential  strain  gages  are  compressed,  resulting 
in  a  decrease  in  gage  resistance.  Ideally,  each  strain  gage  of  a  set 
contributes  equally  to  the  bridge  imbalance;  the  circumferential  set 
contributes  less  by  a  factor  y,  (Poisson's  ratio  for  steel).  Conse¬ 
quently,  the  output  of  the  cell  is  not  four  times  that  of  a  bridge  con¬ 
taining  a  single  active  gage  but  rather  2(1  +  y,)  times  that  output.  For 
each  gage,  the  applied  load  versus  indicated  strain  remained  linear  up 
to  a  maximum  load  of  200  kips.  Both  load  cells  were  calibrated  before 
and  after  the  test  series  was  completed,  with  no  differences  noted. 

2.2.2  Strain.  All  strain  gages  applied  to  the  test  specimens 
were  l/U-inch-long,  foil -type  gages  with  gage  factors  of  2.095  +0.5 
percent  at  75  F.  A  Wheatstone  bridge  circuit  with  three  dummy  gages  was 
used  with  each  active  gage.  Step-by-step  procedures  for  attaching  a 
typical  strain  gage  are  as  follows: 

1.  Step  1.  The  surface  where  the  gage  was  to  be  attached  was 
roughened  with  320  emery  cloth.  Then  the  test  bar  was  placed  in  a 
pair  of  V-cut  wood  blocks.  A  bail-point  pen  was  used  to  inscribe  hori¬ 
zontal  and  circumferential  lines  to  mark  gage  locations  (see  Figure 
2.30)  . 

2.  Step  2.  Two  separate  cleaning  operations  were  performed. 

Feron  TF  Degreaser  was  first  used  to  remove  ink  and  other  foreign  ma¬ 
terial;  however,  the  lines  inscribed  in  Step  1  were  still  visible.  A 
cotton  swab  was  then  saturated  with  M-Prep  Neutralizer  5  and  rubbed 
over  the  bar  to  remove  all  traces  of  grease.  The  treatment  was 
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repeated  until  uc  diseoloration  occurred  on  a  white  paper  tissue  that 
was  rubbed  over  the  bar. 

3.  Step  3-  Epoxy  FIT  1>0  made  by  Baldwin  Liina  Hrunilton  was  pre¬ 
pared  and  applied  to  the  surfaces  that  were  to  receive  st.rain  gapes. 

(If  the  metal  is  not  cleai.  the  epoxy  will  form  beads.)  Each  strairi 
gage  was  placed  on  a  strip  of  Mylar  tape  and  then  pressed  on  th.e  r.etal 
surface  that  was  previously  prepared  with  epor.'  (see  Figure  2.31).  Thic 
Milar  tape  was  then  gently  pressed  with  fingers  tc  removo  air  bubbles 
underneath;  excess  tape  was  then  cut  off. 

U.  Step  U.  A  strip  of  Teflon  and  a  strip  of  Scotch  £8  electrical 
tape  were  then  wrapped  aro’-ind  the  bar  (see  Figure  2.32).  The  purpose 
of  the  Teflon  was  to  eliminate  slippage  and  the  possibility  of  pu.lli!';g 
as  well  as  to  prevent  the  electrical  tape  from,  stic'i'.ir.g  to  the  gage 
later  when  the  tape  was  removed.  Additional  electrical  tape  was  then 
tightly  wrapped  around  the  bar  to  develop  a  clamping  pressure  of  5  tc 
15  psi.  The  gages  were  then  allowed  to  cure  fer  at  .'east  12  hours  at  a 
te.mperature  of  75  F . 

5"  Step  5.  The  electrical  tape.  Teflon  strip,  and  Mylar  tape 
directly  over  the  gage  were  then  removed.  Paper  masking  tape  was  then 
applied  to  cover  only  the  gage  grid  to  avoid  accidental  da.mage  duritig 
the  soldering  operation. 

6.  Step  6.  Resin  flux  was  then  applied  to  the  gage  tabs  and 
terminal  strips.  Solder  drops  were  then  applied  to  the  gage  tabs  (two 
on  tabs)  and  the  terminal  strip  (four  on  strip).  Thin  copper  v.'ire 
riaving  a  coating  of  tin  was  then  attached  between  each  gage  tab  and 
terminal  strip  (two  wires  per  gage,  see  Figure  2.33'^.  The  wires  were 
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looped  to  allow  for  movement  later  when  the  bars  were  tested. 

' •  Step  7.  Two  brn ided-shield,  vinyl-covered  conductor  lead  wires 
were  next  attached  to  the  terminal  strips  (see  Figure  These 

wires  were  also  looped  to  allow  for  stretching.  Electrical  tape  was 
then  wrapped  around  the  wires  to  secure  them  to  the  reinforcing  steel 
bar  so  they  would  tiot  be  accidentally  pulled  from  t'le  soldered  con- 
nectior.  on  the  terminal. 

r.  Step  0 ■  Resin  solvent  was  bnxshed  on  not  only  to  make  remov¬ 
ing  the  masking  tape  easier  but  also  to  clean  the  gage  and  leads  (see 
Figure  2.34).  Excess  solvent  was  gently  blotted  off  with  soft  paper 
tissue.  The  eleotricsd.  resistance  of  the  gage  was  then  checked  to 
i'lsuro  that  it  had  not  shorted  out. 

Step  9.  An  air-drying  polyui-ethane  coating  (M-Coat  A)  was 
then  brushed  ovei'  the  gage  to  protect  it  from  moisture.  A  water- 
resistant  silicon  resin  (Gagekote  No.  3)  next  applied  and  allowed 
to  dry  for  30  .Tdn .  The  assembly  was  then  ready  for  testing. 

2.2.3  Acceleration.  Two  10,000-g,  piezoresistive-type  accelerom¬ 
eters  .manufactured  by  ENDEVCO  were  used  to  measure  the  vertical  accel¬ 
eration  on  the  upper  and  lower  grippers,  respectively  They  were 
attached  to  the  grippers  with  screws;  however,  a  Teflon  sheet  was 
placed  between  the  underside  of  the  gage  and  the  surface  of  the 
grippers . 

Trie  accelerometers  comprise  a  mass  attached  to  a  cantilever  ele¬ 
ment.  When  in  motion,  the  mass  exerts  a  force  on  each  of  the  piezo- 
resistive  sensing  elements  cormected  in  a  Wheatstone  bridge  configura- 
tic’.i.  The  resulting  imbalance  of  the  bridge  is  proportional  to  the 


acceleration  sensed  by  the  gage.  These  gages  were  calibrated  using  a 
centrifuge  up  to  1,000  g's.  llie  gages  are  linear  to  +2  percent  for  the 
full  range  of  10,000  g's  specified  b>  the  .™nufacturer . 

2.2.4  Optical  Tracker.  Two  optical  trackers  (Pl'.ysitech,  Inc., 
Model  49A  Electrooptical  tracking  system)  were  used  to  .'-easure  tlie 
change  in  axial  displacement  between  two  points  on  the  surface  of  the 
reinforcing  bars  w}\cn  they  were  stressed  ir:  tension.  In  order  for  the 
point  to  be  discernible  when  tracked,  a  i;rcEcril'ed  carget  was  painted 
on  the  surface  of  "he  reinforcing  bars.  Ti:e  prescribed  target  is  at:;.’ 
two  color  interfaces  providing  appropriate  contrast.  The  color  cc.Tibi- 
natioti  used  ori  the  test  specimens  was  white  on  top  and  black  on  botto.T;, 
with  the  reference  point  lying  on  the  interface  formed  by  the  two 
colors.  It  is  this  optical  discontinuity  that  is  tracked.  The  color 
scheme  can  be  seen  on  the  bar  in  Fig'ore  2.29.  Each  target  was  illumi¬ 
nated  using  a  5,000-watt  incandescent  lamp  placed  at  a  distance  of 
approximately  7  feet. 

Th.e  electrooptical  tracking  syste.m  consists  of  an  optical  h.ead 
with  l.ens  system,  an  optical  calibrator,  and  a  control  'oriit  connected 
by  a  cable.  The  optical  liead,  lens,  and  optical  calibrator  are  .mounted 
on  a  tripod  as  showm  in  Figure  2.29.  The  tripod  is  ir.  t'U-n  shock 
mounted.  The  optical  head  has  a  reflex  viewer  which  is  used  to  adjust 
the  focus  of  the  lens  system.  An  oscilloscope  is  used  in  the  critical 
alignment  of  the  optical  head  with  the  target. 

The  optical  head  contains  an  i.mage  analyzer  tube  which  converts 
the  light  image  focused  on  a  photocathode  tube  into  an  electron  image 
focused  on  an  aperture  plate.  The  electrons  entering  the  aperture  are 


multiplied  in  number  by  a  photoelectron  multiplier  tube.  It  is  the 
output  of  this  tube  that  provides  the  input  to  the  control  unit  at  any 
'.ns'uant  in  time.  The  magnitude  of  this  input  is  related  to  the  posi¬ 
tion  of  the  image  in  the  aperture  and,  therefore,  the  position  of  the 
target  with  respect  to  the  field  of  view  of  the  optical  head. 

The  electron  image  is  scanned  once  every  40  p,sec,  or  25,000  times 
a  second.  For  example,  if  a  welded  bar  tested  dynamically  broke  within 
3  msec,  it  would  be  possible  to  record  75  images  with  the  optical 
tracker.  Also,  if  the  targets  displaced  uniformly  with  time  during 
this  interval  the  distance  between  images  can  be  proportionately  de¬ 
termined.  For  instance,  if  the  top  target  moved  0.263  inch,  an  image 
would  be  taken  approximately  every  0.003  inch.  If  the  bottom  target 
moved  0.474  inch,  an  image  would  be  taken  approximately  every  0.006 
inch. 

System  linearity  over  this  range  is  easily  checked  using  the 
optical  calibrator  (Physitech  Model  No.  CX-500).  The  calibrator  is 
capable  of  displacing  the  optical  im.age  of  the  target  presented  to 
the  optical  head.  The  optical  calibrator  is  present  in  the  optical 
path  throughout  the  test.  This  device  has  a  range  of  +0.5  inch.  It 
utilizes  two  prisms,  one  stationary  and  one  movable.  The  optical 
image  of  the  target  is  displaced  precisely  the  same  distance  that  the 
movable  prism  is  displaced.  The  movement  of  the  image  by  a  precise 
amount  simulates  the  movement  of  the  target  by  the  same  amount.  The 
displacement  of  the  prism  is  made  continuously  variable  by  rotating  a 
screw  mechanism  which  is  coupled  to  a  dial  gage  that  indicates  the 
travel  of  the  prism  in  marked  increments  of  thousandths  of  an  inch. 
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2.2.^  Recording  Instrumentation.  Hie  output  of  the  control  unit 
is  a  varying  dc  voltage  of  a  magnitude  great  enough  not  to  require 
amplification  before  being  fed  to  the  frequency-modulated  record  elec¬ 
tronics  of  the  analog  tape  machine,  which  was  an  Ampex  Model  FR-100. 

The  outputs  of  the  other  transducers  and  single-element  strain  gages 
are  amplified  by  a  factor  of  approximately  200  before  being  fed  to  the 
tape  machine.  Amiplificai  ion  was  accomplished  using  V.ES-constructed  dc 
amplifiers.  A  dc  excitation  of  U  volts  was  used  for  all  transducers 
and  strain  sensing  networks.  The  instrumentation  tape  recorders  used 
were  Ampex  Model  FR-100  operated  at  60  in/sec.  Hie  Inter-Range  Instru¬ 
mentation  Group  (trig)  specifies  that  the  frequency  response  of  instru- 
juentation  tape  machines  operating  at  60  in/sec  be  flat  out  to  20,000  Kz. 
This  is  equivalent  to  the  capability  of  recording  rise  times  on  the 
order  of  12  usee  wichout  distortion.  This  easily  satisfies  the  re¬ 
quirements  of  recording  all  signals  generated  during  the  tests  includ¬ 
ing  loads,  strains,  accelerations,  and  optical  tracker  outputs.  Fla^’- 
back  of  the  data  from  magr.etic  tape  to  paper  was  accomplished  using  a 
Sangamo  4700  tape  ttachine  and  a  Consolidated  Elect rodimamics  Data  Graph 
5-133  direct-write  oscillograph.  Playback  of  the  data  in  digital  for¬ 
mat  was  achieved  directly  from  the  magnetic  tape  using  an  analcg-to- 
digital  converter  system. 

2,3  TEST  DEVICE 

All  tests  were  conducted  in  the  WES  200-kip-capacity  dynamic 
loader,  which  is  a  large,  hydraulically  actuated  device  with  a  rigid 
support  system  (see  Figure  2.35).  At  maximum  loading  rates,  the  loader 


is  capable  of  applying  a  200-kip  force  to  a  stiff  specimen  within  a 
time  span  of  1.5  msec.  The  maximum  stroke  of  the  loading  ram  is 
4  inches . 

The  device  is  pressurized  with  a  low-volume,  high-pressure  multi¬ 
plier  and  is  triggered  by  a  ruptured-disk  valve.  Basically,  the  actu¬ 
ator  has  three  pressure  chambers:  one  above  the  piston  (upper  chamber); 
one  below  the  piston  (lower  chamber);  and  one  between  the  two  rupture 
dicks.  The  machine  is  cocked  by  a  slow  buildup  of  pressure  below  and 
above  the  piston  while  a  slight  preload  on  the  specimen  is  maintained 
(approximately  1  to  2  kips).  Conc\arrently,  pressure  is  built  up  in 
the  oil  volxime  between  the  two  rupture  disks;  the  pressure  between  the 
rupture  disks  is  maintained  at  approximately  half  the  pressure  of  the 
oil  in  the  lower  chamber,  thereby  allowing  containment  of  half  the 
total  pressure  below  the  piston  by  the  first  rupture  disk  and  the  re¬ 
maining  half  by  the  second  rupture  disk.  To  trigger  the  machine,  the 
pressure  between  the  rupture  disks  is  suddenly  reduced,  allowing  the 
total  fluid  pressure  in  the  lower  chamber  to  be  exerted  on  the  first 
rupture  disk,  thus  causing  it  to  fail.  When  the  second  disk  ruptures, 
the  pressure  below  the  ram  is  rapidly  exhausted,  and  the  ram  is  rapidly 
accelerated  by  the  pressurized  oil  above  the  piston.  The  specimen  that 
is  positioned  above  or  below  the  ram  is  thus  loaded.  Rise  times  to  full 
load  of  1.5  to  approximately  100  msec  can  be  achieved  by  placing  the 
proper  orifice  plate  on  the  upstream  side  of  the  rupture  disk  assembly. 
Rise  times  from  100  msec  to  1  sec  are  produced  by  replacing  the  rupture 
disk  assembly  with  a  l/2-inch-diameter  solenoid  valve  to  control  flow 
rates.  Orifices  are  also  used  with  the  solenoid  valve  to  produce  desired 


rise  times. 
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During  the  nocking  operation,  the  load  signal  Is  split  from  the 
top  load  cell  and  displaiyed  on  a  highly  sensitive  digital  voltmeter. 

This  voltmeter  records  the  small  preload  pressure  that  is  maintained 
on  the  specimen  to  remove  any  slack  from  the  load  column  and  to  seat 
the  ball- swivel  joint  located  at  the  top  of  the  lead  column. 

2.U  LOAD  ANALYSIS  AIID  DATA  REDUCTION 

For  rapidly  applied  loads,  inertial  forces  can  exist  uhat  will  in¬ 
fluence  the  response  of  tlie  loading  systo.m.  Consequently,  the  accelera¬ 
tion  of  the  lather  massive  loading  ram  and  that  of  the  upper  and  lower 
grippers  need  to  be  considered  in  order  to  dcterriine  what  load  was  de¬ 
livered  to  the  test  specimen.  A  cutaway  view  of  the  loading  device  and 
the  associated  lumped  spring-mass  model  are  shown  in  Figure  2.36. 

The  symbols  are  defined  as  foUo'ws; 


Symbol 

Definition 

Dimension 

^1 

The  spring  constant  of  the  upper  leuction 
member 

FL'“ 

Mass  of  half  the  test  specimen  and  all  of 
the  upper  gripper 

FL'^T^ 

The  displacement  of 

L 

± 

The  acceleration  of 

lt'^ 

^2 

The  spring  constant  of  the  test  specimen 

Mass  of  half  the  test  specimen  and  all  of  the 
lower  gripper 

FL‘\^ 

^2 

The  displacement  of 

L 

Xp 

The  acceleration  of 

LT'^ 

(Continued) 

vmhol 


Definition 


Dimension 


Tlio  scoring  constant  of  the  loading  rar 
Mass  of  the  loading  ram 


-4  2 
FL  T 


The  disnlacement  of  M„ 


The  acceleration  of  NL 


The  applied  time-dependent  force 


Ihe  masses  shown  in  the  mathematical  model  were  uncoupled,  and 
equat.ions  of  motion  aiid  equilibrium  were  written. 


V  ^  V  -  V  )  =  M  y  4-  h  X 


t  ”ih 


k2(x2  -  xp 


(2.1) 


k,(x,  -  x^)  =  MpX,,  +  42(.X2  -  x^) 


k2(x2  -  -x^: 


I  ^2^? 


k  (.X,  -  X  ) 


(2.2) 


(t)  =  +  k^^(x2  -  Xg) 


k2(x2  -  x^) 


I  "'T: 


(2.3) 


Hub:: M tuning  EnuaMon  2.2  into  ?]nuation  2.1, 


(  V  -  V  )  !.t  V  =  M  V  V  y 

t  -‘P  j  -  ’2^2  ^  1  3  1 


(2.4) 


The  quantity  -  Xg)  represents  the  load  raeas'ired  by  the  ."war 

load  cell,  and  the  quantity  k, x^  represents  the  ioad  jneasured  by  the 
iipper  load  cell.  Both  and  Mg  -.e? cured,  and  the  accelera- 

tioris  of  aiid  Mg  were  recorded  resj  cively  by  the  upper  and 

Icv.'er  acceleroi.^terr .  It  v:as  therefore  pcjsible  to  caioolate  Kquaticn 
?,4  and  'leterirdr.c  if  equi]  ibriujr:  -./eo  .--c' ieved  ucinr  r.cacurod  quantities. 
The  equi]  ihriiur.  ioad  is  the  actual  load  k^Cx^.  -  x, )  a;  plied  to  the 

c  LL  X 

test  specinen  and  is  the  c.ne  i^ed  in  determiu  • :.«  states,  of  stress, 
v.'hcrc  acceleration  values  are  very  c.Tiall  or  noriexisuono ,  it  is  ocvicus 
that  the  lead  ir.eas'ired  by  the  uoier  i.ead  cell  k.x,  should  be  the  san;e 

XX 

as  that  recorded  by  :,he  lower  load  cell  k^(x,  -  Xg'  . 

The  analog  records  were  dig.  tized,  and  a  ».-onpjuter  routine  v.’ns 
utilized  to  determine  stress-strain  relationships  v;ith  time.  The  tab¬ 
ulated  data  were  then  processed  so  that  they  were  eiectrcnically 
plotted  fer  rapid  and  intermediate  load  rate  tests.  The  slow  lead  rate- 
data  were  hand-digitized  and  plotted. 
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TABLE  2.2  RESULTS  JF  lLT)EPEirDENT  ClIEiaCAL  AN.4LYSIS 


Element 

Chemical  Composition  of  Indicated  Bar  Types 

Grade  60 

Grade  75 

Grade  75®' 

Butt-Welded 

Splice 

pet 

pet 

pet 

pet 

Carbon 

0.41 

0.40 

0.41 

0.05 

Mariganese 

0.70 

0.93 

1.15 

1.07 

Phosphorus 

0.019 

0.017 

0.017 

0.013 

Sulfur 

o.ouo 

0.029 

0.027 

0.022 

Silicon 

0.19 

0.32 

0  48 

0.57 

Nickel 

0.05 

0.07 

0.10 

<0.C5 

Chromium 

0.10 

0.88 

0.14 

0.05 

Molybdenum 

<0.05 

0.13 

<0.05 

<0.05 

Copper 

0,30 

0.26 

0.15 

<0.05 

Results  of  Test  201,  which  was  a  test  of  a  special  specimen 
having  "X"  deformations  (see  Figure  3*8)  and  prepared  with  a 
Cadweld  splice. 
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.  .:!'r';v>u,  i  t;  ;-'  ::ik»™s  Aim ’.ffiiQiTs  for  varicu^  nrecii-jss 
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.’02= 
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4 
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: 

v.r*  •‘.i.r.t 

•  ’i.  :o'sr-.  Lca-l: 

’  li'tk  iOvHd. 
d  har:  -  hu't- 
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•.•/ol'k'd  T  -  Thcrnit  si'lioc- 

dnroi'mationj  (noo  3 
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TABLE  2.4  GEOMETRIC  PROPERTIES  OF  SOME  REINFORCING  BARS  TESTED 
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Sum  of  thicknesses  of  longitudinal  ribs. 
Special  bar  with  "X"  deformation  (see  Figure 


TABLE  RESULTS  OF  X-RAY  TESTS  OF  BlfTT-WELDED  SPECIMENS 

Film  MGod  v/as  X-ray  film  No.  I-V2. 


Test  No. 

Bar  No. 

Remarks 

146 

2 

Satisfactory 

150 

3 

Satisfactory 

154 

6 

Satisfactory 

159 

1 

Light  porosity;  satisfactory 

2 

Light  porosity;  satisfactory 

168 

5 

Satisfactory 

174 

1 

Light  to  moderate  porosity;  satisfactory 

178 

2 

Light  to  moderate  porosity;  satisfactory 

182 

3 

Satisfactory 

186 

5 

Light  prrosity 

190 

3 

Light  to  moderate  porosity;  satisfactory 

195 

4 

Moderate  porosity;  satisfactory 

-- 

7 

Light  porosity 

-- 

5 

Satisfactory 

4 

Satisfactory 
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Best  Available  Copy 
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TEST  NO. 

D' am 
‘1, 

A^EA 

^1 

DIAM 

'^2 

AREA 

Dl  AW 
‘<3 

AREA 

INCHES 

in" 

INCHES 

m" 

1  NC  HE5 

in" 

145 

1.1345 

0.9926 

C.7495 

0.44  10 

1.1250 

0.9935 

146 

1. 1  290 

1  .0006 

0.7505 

0.4422 

I  .1310 

1 .0040 

152 

1.1280 

1  .0006 

G.749C 

0.4404 

1 .1285 

0.9997 

161 

1 .1490 

1 .0364 

0.7495 

0.441  0 

1 .1490 

1  .0364 

1  64 

1 .1255 

0.9944 

0.751  S 

0.4433 

1 .1256 

0.9946 

167 

I . 1 20C 

0.9847 

0.7460 

0.4369 

1 .1200 

0.9847 

ise 

1.1245 

0.9926 

0.7500 

C.4416 

1  .1245 

0.9926 

191 

1 .1250 

0.9935 

C.7S1C 

0.4427 

1 .1250 

0.9935 

194 

1.1250 

0.9935 

C.7500 

0.44  1  6 

1  .1  25C 

0.9935 

155 

1.1255 

0.9944 

0.749C 

0.4404 

1.1255 

0.9944 

158 

1 .1250 

0.9935 

0.7.' 90 

0.4404 

1  ,1  250 

0.9935 

1  70 

1.1  180 

0.9912 

0.7500 

0.4416 

1  .1  180 

0,9812 

i  73 

1  1.1250 

0.9935 

0.7500 

0.44  1  6 

1 .1250 

0.9935 

176 

1 .1240 

0.9918 

0.7495 

0.44  1  C 

1  .1  240 

0.9918 

1  80 

1 .1235 

0.9909 

0.7500 

C.441  6 

1 .1235 

0.9909 

1  05 

1 . 1 260 

0.9953 

0.7510 

0.5527 

1  .1265 

0,9962 

197 

1,1250 

0.9935 

0.7490 

0.44C4 

1  .1  250 

0.9935 

200 

1.1250 

0.935 

0.7500 

0.44  1  6 

1  . 1  250 

0.9935 

Figure  2,2  Schematic  and  dimensions  for  machined-bar  specimens. 
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l-'igxire  2.3  Butt-welded  splice. 


!UJ.re  2 


Therirdt  splicing  kit  and  rebar  to  be  spliced 
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Figure  2.9  Thermit  process, 
adding  starting  Thermit. 


Figure  2.10  Thermit 
process,  ignition. 


Figure  2.11  Thermit  process 
postignition. 
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j'.'too-fiis 

Figure  2.33  Wire  attached  between  gage  tab  and  terminal  strip. 


Figure  2.3^  Lead  wires  attached. 
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1.  PEAK  DYNAMIC  LOAD:  200,000  LB  IN  LESS  THAN  2  MSEC, 

2.  RISE  TIME:  1  TO  200  MSEC, 

3.  HOLD  TIME:  0  TO  200  MSEC. 

4.  DELAY  TIME:  15  TO  500  MSEC. 

Figure  2.35  200-kip-capacity  dynamic  loading  device. 
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200-mP-C  APACIT  i 

V.OADING  DEVICE 

I 


TENSION 

igurc  2.36  Spring- nass  model  of  test  configuration 
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CHAPTER  3 


RESULTS 

3.1  TABULATED  RESULTS 

Copies  of  the  analog  records  of  fourteen  tests  that  are  repre¬ 
sentative  of  the  various  specimen  tj'pes  tested  are  presented  in 
Appendix  A.  Fro.m  these  data,  Tables  3.1  through  3.5  'v'ere  prepared. 
Included  in  th.e  tabl.cs  are  th°  pealc  upper  and  lover  loads  determined 
from  load  cell  readings,  time  to  peak  load,  loading  rate,  yield  strain 
measurements,  average  time  to  yield  strain,  average  strain  rate,  firial 
elc-ngation  of  the  specimen,  and  total  reduction  in  area  in  percent. 

For  the  Grade  7';  bars,  in  which  no  definite  yield  point  exis‘'ed,  t'nc 
strain  rates  were  not  determined  until  stress-.strain  plots  were  pre¬ 
pared  and  the  yield  stress  for  a  0.2  percent  offset  modulus  was  deter- 
;rdned.  Then  using  the  strain  determined  for  the  offset  yield  strength, 
the  analog  records  v.-ere  utilized  to  determine  the  strain  rates  for 
this  value  of  strain.  For  the  Grade  "5  ma.ch.ined  bars  (-'able  3.^)  ocily, 
the  offset  yield  load,  time  to  peak  load,  and  loading  rate  were  also 
determdned  from  the  analog  records  at  the  time  dictated  by  the  offset 
yield  strain.  This  tj-pe  of  information  was  not  j.nciuded  in  Tables  3.3 
through  3.5. 

3.2  POSTTEST  FriOTOGRAFHS 

Fosttest  photographs  of  all  specimens  are  shown  in  Figures  3.1 
through  3.8. 

3.3  SIRESS-STRAIN  PLOTS 

The  analog  records  for  the  rapid  and  inter.mediate  rates  of  strai.n 
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were  digitized,  electronically  operated  upon  to  take  account  of  iner¬ 
tial  effects,  and  electronically  plotted.  The  stress-strain  curves 
for  the  slow  load  rate  test  were  hand-digitized  and  hand-plotted.  All 
these  curves  are  summarized  in  Figures  3.9  through  3 >64.  The  curves 
arc  presented  in  two  parts  for  two  different  strain  scales.  The  curves 
are  shown  first  for  strains  up  to  20,000  |i,in/in;  then  each  curve  is 
continued  on  the  subsequent  page  for  strains  up  to  200,000  ^,in/in.  The 
continued  portions  of  the  curves  were  plotted  using  optical  tracker  data 
except  for  the  elastic  portion  of  each  curve.  For  cases  in  which  the 
optical  tracker  exceeded  its  calibrated  range  prior  to  rupture  of  the  bar, 
the  curve  was  estimo.ted  (dashed  line)  and  continued  to  a  strain  value  at 
rupt'ore  that  was  measured  after  the  test  (see  final  elongation  column  in 
Tables  3*1  through  3*5  a  summary  of  such  values).  For  static  tests, 
stress-strain  values  obtained  from  the  optical  tracker  (shown  as  open 
points  in  the  figures)  were  also  plotted  on  the  curves  plotted  to  the 
20,000  scale  in  order  to  compare  tracker  data  with  those  ob¬ 

tained  fro.m  strain  gage  results.  For  the  Grade  75  bars  that  did  not 
r.av'e  a  definite  yield  point,  a  0.2  percent  offset  modulus  was  drawn 
and  the  intersection  of  this  line  with  the  stress-strain  curve  estab¬ 
lished  the  offset  yield  strength  of  the  specimen.  For  rapid  load  tests, 
the  method  described  in  Section  2.4  was  used  to  determine  the  true  load 
applied  to  the  test  specimen,  which  was  then  converted  to  stress  by 
dividing  this  quantity  by  the  cross-sectional  area  of  the  bar.  Sample 
calculations  outlining  the  procedure  to  determine  the  true  load  for 
actual  tests  at  a  particular  time  are  discussed  in  Chapter  4. 
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Figure  3*1  Posttest,  as -rolled  bars,  Grade  60. 
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•gure  3.26  Machined  bar.  Grade  75,  Test  No.  I85 
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3.36  T^utt-weldod  splice.  Grade  60,  Test  No.  195. 
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Figure  3 *37  Butt-welded  splice.  Grade  75 >  Test  No.  17^. 
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CHAPPER  k 


DISCUSSION  OF  RESULTS 

nic  loading  equipment,  transducers,  and  electronic  recording 
equipment  appeared  to  f-unction  properly.  The  upper  and  lower  load 
cells  were  recalibrated  after  all  tests  were  completed,  and  the  re¬ 
sulting  calibration  curves  were  identical  with  the  pretest  calibration 
curves.  In  most  tension  tests  reviewed  in  the  literature,  only  one 
load  cell  was  used;  in  the  tests  reported  herein,  a  lower  and  upper 
coll  were  used  jnaking  it  possible  to  compare  applied  forces  with  re¬ 
active  forces.  As  sho’wn  in  Tables  3.1  through  3.5?  the  upper  and  lower 
loads  were  approximately  the  same  for  intermediate  and  slow  strain  rate 
tests.  However,  for  rapid  strain  rates,  these  loads  were  appreciably 
different  because  of  inertial  effects.  By  using  the  procedures  de¬ 
scribed  in  Section  2.U,  a  corrected  or  so-called  true  load  applied  to 
the  specimen  was  determined.  The  strains  determined  from  the  optical 
tracker  data  appear  reasonable  especially  when  compared  with  strains 
determined  from  strain  gage  data,  as  shown  in  the  slow  rate  test  re¬ 
sults  presented  in  Figures  3.9  through  3.64.  However,  the  tracker  data 
are  valid  within  a  band  of  approximately  +1,200  p,in/in  of  strain  for  a 
particular  stress  level.  A  study  of  the  static  stress-strain  plots 
shows  that  in  most  cases  the  strains  from  tracker  data  are  well  within 
1,000  ixin/in  of  the  corresponding  strain  determined  from  strain  gage 
data  at  a  particular  stress  level. 

4.1  SPLICED  BARS 

Shown  in  Figures  4.1  through  4.3  are  composite  stress-strain  curves 
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for  butt-welded,  Thermit,  and  Cadweld  splices,  respectively,  that  were 
determined  by  averaging  the  appropriate  curves  presented  in  Figures  3.9 
througli  3.64.  The  breaking  strengths  of  all  the  spliced  bars  were 
greater  than  125  percent  of  the  nominal  yield  strengths  as  required  by 
codes,"'’  ’  which  are  75,000  and  94,000  psi  for  the  Grades  60  and  75 
bars,  respectively;  these  values  are  also  shovm  in  Figures  4.1  through 
4.3.  The  total  areas  (A^)  under  the  various  stress-strain  curves  for 
the  three  general  rates  of  strain,  i.e.,  rapid,  intermediate,  a.nd  slovf, 
were  determined  using  a  planirr.eter .  The  area  under  these  curves  repre¬ 
sents  the  energy  absorbed  by  the  various  spliced  bars.  The  area  (A^) 
under  the  curve  bounded  by  1.25  times  the  nominal  yield,  stress  was  de- 
tci'mined.  It  is  believed  that  a  ratio  of  the  two  -areas  (A^iA^)  is  a 
good  indication  of  the  effectiveness  of  the  splice,  especially  for 
dynamic  loads.  Such  values  are  presented  in  Table  4.1  along  with  ratios 
of  breaking  stress  to  125  percent  of  the  nominal  yield  stress  (a^:1.25ay) 
as  well  as  ratios  of  strain  at  failure  to  125  percent  of  the  nominal 
yield  strain  (€^;1.25€y).  A  comparison  of  the  total  area  (A^)  under 
the  stress- strain  curves  for  the  Grades  60  and  75  bars  for  the  inter¬ 
mediate  load  rates  shows  that  apparently  the  energy  absorbing  capacity 
for  the  Grade  60  bars  is  slightly  greater.  The  Grade  60  spliced  bars 
seem  to  be  more  ductile  than  the  Grade  75  spliced  bars;  however,  none 
of  the  spliced  bars  were  as  ductile  as  the  machined  or  as-rolled  bars. 
This  can  be  observed  by  studying  the  stress-strain  curves  in  Chapter  3 
and  by  comparing  the  final  elongation  in  percent  showti  in  Tables  3.1 
througli  .5.5.  In  general,  it  seems  that  the  machined  bars  were  approxi- 
m.'i.tely  four  times  more  ductile  than  the  spliced  bars.  Based  on  this. 
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it  would  seem  reasonable  to  assume  that  the  heat  produced  by  all  three 
of  the  splicing  techniques  affects  the  metallurgical  properties  of  the 
sp'liccd  bars,  thereby  reducing  their  ductility.  The  ASTM  standards  ’ 
for  Grades  60  and  75  bars  stipulate  a  minimum  elongation  of  7  £-nd  5 
percent,  respectively,  over  an  8-inch  gage  length.  Very  few  of  the 
spliced  bars  met  this  requirement  (see  Figures  4,1  through  4.3).  It 
sho'uLd  be  noted  that  a  1  percent  elongation  represents  a  strain  of 
10,000  pin/in. 

4.1.1  Butt-Welded  Splices.  The  butt-welded  splices  all  performed 

satisfactorily  strengthwise;  however,  most  of  them  did  not  meet  ASTM  elon- 

15  l6 

gation  requirements.  •  Only  four  of  the  nine  Grade  60  spliced  bars 
'^ad  final  elongations  greater  than  7  percent.  One  out  of  three  Grade 
75  spliced  bars  had  an  elongation  greater  than  5  percent.  The  Grade  75 
butt-welded  splices  appeared  to  be  more  ductile  than  the  Thermit  or 
Cadweld  splices  made  from  Grade  75  bars.  All  the  bars  failed  in  the 
welded  joint. 

4.1.2  Thermit  Splices.  All  of  the  splices  performed  satisfac¬ 
torily  strengthwise ;  however,  only  three  out  of  the  nine  Grade  60 
spliced  bars  had  final  elongations  greater  than  7  percent.  The  final 
elongations  for  the  three  Grade  75  spliced  bars  were  much  less  than 

5  percent.  For  the  spliced  Grade  60  bars,  none  failed  in  the  splice 
except  that  in  Test  I89,  which  was  a  slow  load  rate  test.  This  bar 
was  in  the  elastic  range  of  response  when  the  splice  failed.  For  the 
three  Grade  75  bars  tested,  one  broke  in  the  splice  and  the  others 
adjacent  to  the  splice, 

^t.1.3  Cadweld  Splices.  All  of  the  splices  performed  satisfactorily 
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atrengthwi'sG ;  however,  the  final  elongations  for  all  nine  spliced 
Grade.  tO  bars  were  less  than  7  percent.  The  finaa  elongations  for 
tliree  Grade  ”o  spliced  bars  with  the  bajnboo  deformation  pattern  were 
less  nhan  ^  percent.  For  the  tv.'o  Grade  75  spliced  bars  having  "X" 
defoi'ir:a'..i  ons ,  ti;e  final  eloiigation  of  one  was  about  5  nercetit,  and 
that  of  ti';e  (Tcher  we.s  gre-ater  thoj';  5  percent.  All  Grade  60  bars  pulled 
Out  of  the  inetal  splicing  sleeve.  In  Test  14;',  the  b-ar  remained  elas¬ 
tic  w'ncn  the  sp.lico  failed.  For  this  test,  only  tv;c  defer  mat  inns  were 
within  tp.e  sleeve  of  the  Cadweld  splice.  Since  the  Cadweld  splice  de¬ 
pends  upon  the  shearing  resistance  of  the  deformations  on  the  rein¬ 
forcing  bar,  its  strength  is  dependent  upon  the  total  s'nearing  area  of 


the  def orrn/itio.'is  within  the  splice.  The  spliced  G’"sde  75  bars  per¬ 
formed  in  the  sa.me  m.-sHner  e.xcept  for  those  In  Te;;ts  201  and  202,  whicli 
were  the  only  two  bars  having  an  "X"  deformation  pattern  (see  Figure 
3.8'.  ’.'iC.re  she.'i.r  area  for  defor.mation  per  inch  of  bar  len.gth  was  avail¬ 
able  with,  this  pattern  than  for  ths  bamboo  deformation  pattern  character¬ 
istic  of  all  the  other  I'ars  tested.  Conseq,uently,  the  spliced  bars  hav¬ 


ing  the  "X"  deformations  were  more  .ductile  and  met  the  final  elongation 
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requirement  stiputatc-d  by  ste.ndards.”  The  width  of  the  deformation  for 


these  bars  was  greater  than  the  width  of  the  deformation  for  the  ether 


bars.  Bused  on  the  results  of  these  tests,  it  is  believed  that  the  ASTI.' 

1  tz 

standards'''  shoul'd  be  changed  to  establish  a  mir.im'om  width  for  defor¬ 


mations  on  reinforcing  bars. 


Examiiisti'U.n  of  Figures  3-57  through  3.59  snows  a  definite  biased 
diver.sion  of  strain  deterrriined  fro.m  optical  tracker  data  fi'cm  that  de¬ 
termined  from  strain  gage  data  for  ll'y.e  stress  levels. 


The  strain  gage 


data  were  talcen  on  the  bar  5-l/2  inches  below  the  center  of  the  splice, 
wliereas  the  optical  tracker  data  were  taken  across  the  splice.  The 
difference  in  these  curves,  even  taking  into  account  the  error  (+1,200 
;iin/in)  in  the  optical  tracker  data,  indicates  that  slippage  occurred 
in  these  splices.  Slippages  showing  similar  values  of  stress  and  strain 
are  discussed  in  References  l4  (Holt)  and  29  (Siess). 

However,  consideration  should  be  given  to  tests  made  on  a  spliced  bar 
surrounded  by  air  when  compared  to  a  spliced  bar  tested  in  a  reinforced 
concrete  member.  Tests  (Siess  and  Sozen)  of  reinforced  concrete 

beams  with  and  without  Cadweld  splices  were  conducted  to  determine  the 
measured  load  and/or  moment  with  respect  to  deflection  for  these  two  cases. 
Very  little  difference  in  load-  (and  moment-)  deflection  plots  for  the 
beams  with  and  without  spliced  bars  could  be  observed.  It  was  interest¬ 
ing  to  note  (in  Reference  30)  that  the  reinforcing  bar  in  the  beam  with 
the  Cadweld  splice  ruptured  (rupture  occurred  in  bar  adjacent  to  splice) 
at  a  midspan  deflection  of  about  ih  inches.  However,  the  bar  in  the 
unspliced  beam  did  not  rupture  when  loaded  to  produce  the  same  deflec¬ 
tion.  Observation  of  tests  on  butt-welded.  Thermit,  and  Cadweld  splices 
in  this  study  showed  that  the  ductility  of  the  parent  bar  was  reduced 
appreciably  by  any  of  the  three  splicing  techniques .  This  helps  to 
explain  why  the  beam  with  the  spliced  bar  failed  and  the  other  did  not. 

U.2  DYNAMIC  STRENGTH  CHARACTERISTICS 

An  e:<tensive  series  of  tests  (Sanders)"^  was  conducted  on  Wo.  l8 
Grade  75  bars  to  determine  differences  in  strength  of  as -rolled  bars,  bars 
with  deformations  removed,  machined-bar  specimens' having  diameters  of  l/2 
and  3/4  inch,  o,nd  l/2-inch-diameter  specimens  machined  from  different 
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quadrants  of  the  circular  cross  section  of  the  bar.  In  these  tests,  the 
average  yield  strengths  for  both  the  l/2-  and  3/^-inch-diaireter  machined 
bars  A-ere  about  3  percent  lower  than  that  for  the  as-rolled  bars.  In 
another  test  series  (Cowell),'"  the  average  yield  strength  of  Grade  75 
■Tiachined  bars  was  1  percent  greater  than  that  of  as-roiled  bars  and  the 
average  yield  strength  of  Grade  CO  machined  bars  was  10  percent  greater 
than  that  of  as- rolled  bars. 

In  order  to  detect  so;r.e  variation  in  t're  strength  character:  sties 

over  t,h.e  cross  section  of  the  bar  types  tested,  Rcc/.v;ell  Hardness  de- 

tcritinations  were  conducted.  Cross  sections  ■were  sow  cut  frc-.T:  untested 

specimens  of  Grade  60,  Grade  7.5,  Grade  75  with  an  "a"  deforrriation  pat- 

terii  vTest  201),  and  a  butt -'welded  splice.  For  each  of  th.e  four  speci- 

.r,-;r.s,  seven  separate  F.ockv/eli  Hardness  evaluation  '.were  r=.de  across  a 

diameter  of  the  specimen  as  sh.o’wn  in  Table  h.2.  The  che.mdcal  analysis 

for  these  same  fo’ur  specimens  is  presented  in  Table  2.2.  In  all  cases, 

the  specimens  appear  to  be  stronger  away  from  the  cc-i.ter  of  the  bar 

e.xcept  for  one  reading  for  the  butt-'welded  splice,  '.which,  indicates  that 

the  'weld  at  that  location  'was  poor.  In  general,  however,  based  on  the 

Rock'well  Hardness  numbers,  the  'A'eld  material  appears  to  be  as  strong 

as  or  stronger  faan  the  Grade  75  bars  tested.  The  stress- strain  curves 

for  the  butt-welded  splices  also  support  this  observation.  It  is  also 

interesting  to  note  that  the  average  tensile  strength  approximated  from 

18 

Rockwell  Hardnes.s  n'ombers  for  the  Grades  dO  and  7t  bars  ^s'ncwn  in 
Table  4.2)  corresp-'r.ds  closely  to  the  measured  tensile  strength 
supplied  by  the  mAnufacturer  (shown  in  Table  2.].'', 


Relations  of  yield  strengtti  to  strain  rate  for  all  thiC  Graies  oI 


and  75  specimens  ai^e  plotted  in  Figures  4.U  and  4.5,  respectively, 
in  order  to  correlate  the  information  on  yield  streng’th  with  re¬ 
spect  to  strain  rate  that  can  be  expected  for  typical  structures, 
References  32  througli  35  were  exsunined.  The  strain  rate  that  a  struc¬ 
ture  will  undergo  depends  primarily  on  the  shape  of  the  structure,  the 

stiffness,  and  the  shape  of  the  time-dependent  load. 

■^2 

A  model  aboveground  structure  (Kennedy)'^  was  subjected  to  the  blast 
effects  from  the  detonation  of  a  500-ton  sphere  of  high  explosives  (HE). 
Based  on  the  results  of  the  model  test,  the  prototype  strain  rates  vary 
from  0.0015  to  0.004  in/in/sec.  A  l/4-scalG  rcinforcGd  concrete  model 
(Criswell)''^  of  a  nine -panel  floor  system  having  drop  panels,  column  cap¬ 
itals,  and  four  round  columns  was  tested  in  the  VIES  Blast  Load  Generator 
Facility  up  to  a  pressiore  of  27  psi.  Predicted  prototype  strain  rates 

based  on  the  model  results  ranged  from  0.05  to  0.10  in/in/sec.  Deep  re- 

34 

inforced  concrete  slabs  (Albritton)  were  subjected  to  high  overpres¬ 
sures  from  the  detonation  of  a  100-ton  HE  charge  detonated  during  the 
MUIE  shaft  Event.  Strain  rates  of  approximately  0.6  in/in/sec  were  re- 

•DC 

corded.  A  deep  reinforced  concrete  beam  (Balsara)'^'^  was  tested  dynam¬ 
ically  using  the  VIES  200 -kip -capacity  ram  loader.  Strain  rates  up  to 
0.2  in/in/sec  were  recorded. 

4.2.1  Grade  60  Bars.  For  the  slow  loa.d  rate  tests  reported 
herein,  the  yield  stresses  for  the  as-rolled  and  machined  Grade  60  bars 
were  about  the  same.  The  yield  stresses  for  the  as-rolled  bars  3.t  the 
Intermediate  and  rapid  strain  rates  appear  to  be  10  percent  lower  than 
the  average  stresses  depicted  by  the  curve  shown  in  Figure  4.4.  It  was 
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postulated  early  in  the  test  series  that  the  recorded  values  of  strain 
for  the  spliced  bars  would  be  approximately  the  same  as  the  results  from 
as-rolled  bars.  Consequently,  for  economiq.  reasons  only  a  minimum  num¬ 
ber  of  as-rolled  bars  were  tested.  The  results  of  tests  of  the  three 
as-rolled  bars  fell  within  the  scatter  band  for  the  data  recorded.  The 
yield  stress  data  determined  for  the  spliced  bars  appeared  to  be  about 
5  percent  greater  than  those  for  machined  bars  tested  at  slo'w  rates  of 
strain  and  about  2  percent  greater  for  those  tested  at  intermediate 
strain  rates.  At  rapid  rates  of  strain,  no  differences  bet'.veen  the 
yield  stresses  for  machined,  bars  and  spliced  bars  can  be  oeserved. 

It  is  believed  that  the  rapid  rates  of  strain  (up  to  5  in/in/sec) 
achieved  in  this  program  e.'-rtend  the  state-of-the-art  in  assessing  the 
increase  in  yield  strength  with  increase  in  strain  rate.  The  yield 
stress  at  a  strain  rate  of  5  in/in/sec  is  about  75  percent  greater  than 
the  static  yield  stress  of  appro.ximaitely  70,000  psi. 

4.2.2  Grade  75  Bars.  Spliced  bars  v/ere  tested  at  only  interr.edi- 
ate  rates  of  strain,  whereas  machined  bars  were  tested  at  slow,  inter- 
media,te,  and  rapid  rates  of  strain.  The  yield  stresses  for  the  ma¬ 
chined  bars  fell  well  within  the  band  of  data  for  the  spliced  bars . 

It  can  also  be  observed  that  the  yield  stresses  for  the  Grade  75  bars 
are  not  as  sensitive  to  strain  rate  effects  as  those  for  Grade  60  bars. 
At  a  strain  rate  of  4  in/in/sec,  the  yield  strength  is  about  17  percent 
greater  than  the  static  yield  strength. 

The  chemical  and  physical  properties  of  the  Gro,de  75  bars  discussed 
ill  Reference  8  a.re  very  similar  to  those  of  Grade  75  ba.rs  tested  in  this 


127 


study;  consequently,  it  was  possible  to  con^^are  directly  the  strain 
rate  erfocts  with  respect  to  yield  strength  for  machined  test  specimens 
(see  KLgure  .  The  results  from  both  these  test  series  compare  very 
favorably,  a  fact  which  tends  to  lend  validity  to  the  results  of  both 
test  programs. 

U.3  .LOAD  /IJALYSIS 

lor  a,ll  rapid  load  rate  tests,  it  was  necessary  to  correct  the 
lead  applied  to  the  test  specimens  to  account  for  inertial  effects. 

This  procedure,  however,  was  not  necessary  for  the  intermiCdiate  and 
slow  load  rate  tests.  For  many  of  the  mo.chined  bars  tested,  the  upper 
and  lower  necV:cd-down  sections  were  instrumented  with  strain  gages  for 
the  purpose  of  utilizing  these  sections  as  load  colls.  The  values  of 
load  thus  deter.mlned  were  compared  with  the  upper  and  lower  load  cell 
values . 

4.3.1  Ra.pid  Load  Tests.  The  analog  records,  as  shown  in  Appendix 
A,  were  digitized  at  a  sampling  rate  of  96  kc,  which  means  that  values 
of  load,  strain,  and  acceleration  were  recorded  approximately  every 
0.01  :nscc.  The  loads  applied  to  the  test  specimens  were  corrected  ac¬ 
cording  to  procedures  outlined  in  Section  2.4  at  each  time  step  utiliz¬ 
ing  the  WES  central  processor.  By  use  of  a  plot  routine,  stress-strain 
graphs  were  automatically  plotted. 

Shown  in  Table  4.3  are  uncorrected  and  corrected  values  for  a 
particular  instant  in  ti.me.  The  table  is  set  up  to  correspond  to  Equa¬ 
tion  2.4  of  Section  2.4.  In  some  instances,  the  corrected  values  for 
•:he  upper  load  and  the  lo-wer  load  do  not  compare  favorably 

for  bho  Instsivt  in  time  selected;  this  can  be  partially  explained  by 
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examining  the  analog  records  in  Appendix  A.  For  exajnple,  a  study  of 
Figure  A. 6  shows  that  the  jower  acceleration  record  extends  from  a 
finite  value  to  a  maximum  value  over  a  time  interval  so  short  that  no 
real  difference  can  be  detected  in  the  value  for  the  lower  load  (P^)’ 
Such  differences  shew  up  as  variations  in  the  stress-strain  curves 
shown  in  Chapter  ■. 

4.3.2  iV.ach.ir.ed  Spe cime ns .  The  upper  and  lower  machined- down  sec¬ 
tions  for  the  tests  whose  results  are  shov/n  in  Table  4.U  were  evaluated 
to  deter.mine  the  applied  load.  The  average  strain  was  determined  and 
multiplied  by  the  modulus  of  elasticity  to  determine  the  average  stress 
fro.m  which  load  was  determined.  Also  tabulated  are  the  upper  and  lower 
load  cell  readings.  However,  for  rapid  load  tests,  these  readings  were 
adjusted  to  account  for  inertial  effects.  For  the  -.ntermediate  and 
slow  load  rate  tests,,  the  vaiues  of  upper  and  lower  load  determined 
from  strain  readings  on  the  bar  compare  very  favorably  with  the  load 
cell  readings.  For  all  the  r^p.id  load  tests  except  Test  155)  the  dif¬ 
ferences  in  the  upper  and  lower  load.  va?-ues  determined  from  load  cells 
were  about  the  same  as  th,e  dif. Terences  in  the  upper  and  lower  load 
values  determined  from  the  strair;  gage  readings  on  the  upper  and  Icrwer 
necked-dovm  sections. 
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Areas  were  determined  with  a  planimeter ,  and  no  particular  dimension  v/as  determined. 


LOADS  CORRECTED  FOR  LifERTI/i  ryFEO'i’S  Oli  FA-Oin  ERD-SAR  SLKCJ 
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Figure  4.4  Yield  .stress  versus  straiii  rate.  Grade  60 
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.  ciiAPri'K  0 

SWmR'i'  OF  IH'ISULTS,  CONCLUSIONS,  AND  RJiCOMMENUATIOKS 
‘^.1  SUMNARY  OF  RI'SULTS 

The  results  of  the  stud^'  reported  heroin,  are  summarized  as  follows: 

1.  The  yield  strength  of  the  Grade  60  bars  increased  appreciably 
as  tiie  lo;iding  rate  or  strain  rate  application  was  increased.  The 
yield  strength  of  the  Grade  7?  bars  did  not  increase  so  appreciably. 

?.  At  strain  rates  of  4  to  5  in/in/sec,  the  dynamic  yield  strength 
for  the  Grade  6o  bars  was  approxima.tely  75  percent  greater  than  the 
static  yield  strength,  indicating  an  appreciably  greater  load-carrying 
capacity  of  the  bars  under  dynamic  load, 

3.  The  Grade  60  bars,  which  might  be  termed  more  ductile  than  the 
Grade  75  bars,  v;ere  more  sensitive  to  strain  rate  increases. 

4.  Tile  Grade  75  bars  at  high  rates  of  strain,  e.g.,  4  to  5 
in/in/sec,  showed  an  approximate  17  percent  increase  in  dynamic  yield 
strength  over  static  yield  strength. 

5.  For  high  rates  of  strain,  i.e.,  3  in/in/sec  and  greater,  inertial 
effects  induced  by  the  loading  device  were  significant  and  need  to  be  ac¬ 
counted  for  in  determining  the  true  load  applied  to  a  specimen  in  order 
to  determine  the  stress.  However,  for  practical  rates  of  strain  asso¬ 
ciated  with  most  strategic  structures,  such  inertial  effects  were  insig¬ 
nificant  when  determining  the  true  load  applied  to  the  tensile  test 
specimen. 

5.2  CONCLUSIONS 

Rased  on  the  rcsult.s  of  this  study,  the  following  conclusions  are 
b'..  1.  leved  vrarranted: 

l4o 


1.  All  of  the  spliced  bar  types,  i.e.  butt -welded,  Cadweld,  and 
Thermit  splices,  will  f’unction  satisfactorily  under  static  and  dynamic 
loading  conditions  for  both  Grades  60  and  75  billet  steel  bars  conform¬ 
ing  to  ASTM  specifications  for  A615  steel. 

2.  The  load-carrying  capacity  of  all  the  spliced  bars  will  in¬ 
crease  as  the  rate  of  loading  increases  just  as  do  the  load- carrying 
capacities  of  the  as-rolled  and  machined  bars. 

3.  For  all  three  types  of  splice,  the  maximum  strain  achieved 
is  only  about  one-fourth  as  great  as  the  strain  that  develops  in  the 
as- rolled  and  machined  bars. 

4.  The  optical  tracker  used  in  this  study  appears  to  be  a  very 
'workable  and  useful,  tool  for  assessing  the  postyield  strain  for  spliced 
bars  that  have  been  tested  to  rupture. 

5.3  'RECOMMENDATIONS 

Also  based  on  the  results  of  this  study,  the  following  recommenda¬ 
tions  arc  made : 

1.  Either  the  Cadweld  or  Thermit  splice  shoudd  be  used  in  the 
field  in  lieu  of  the  butt-welded  splice  because  it  is  believed  that  the 
quality  control  for  these  two  techniques  is  much  better  than  that  for 
the  butt-welded  technique.  Tne  variation  in  the  results  of  the  hard¬ 
ness  test  for  the  butt-welded  splice  tends  to  indicate  an  inconsistency 
in  strength  for  butt-welded  splices . 

2.  All  torch  cutting  and  tack  welding  on  deformed  bars  in  the 
field  should  be  avoided  if  at  all  possible.  These  techniq,uos  produce 
heat  that  affects  the  ductility  of  the  bars. 
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Figure  A.l  As-rolled  br?r,  Grade  60,  intermediate  load  rate,  Test  172 
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Figure  A. 9  Thermit  splice,  Grade  60,  rapid  load  rate 


igiire  A.  12  Cadweld  splice,  Grade  60,  intermediate  load  rate 


Figui'e  A.  13  Cadweld  splice,  Grade  Y5,  ititerrr.ediate  load  rate,  Test  179 
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■  Dynamic  tensile  tests  were  conducted  at  rapid,  intermediate,  and  slov.-  rates  of  strain 
on  specimens  of  No.  11  reinforcing  bars  of  Grades  60  and  75  A615  billet  steel.  As- 
rolled  bars,  machined  bars,  butt-’welded  splices.  Thermit  splices,  and  Cadveld  splices 
were  prepared.  The  a.s-rolled  and  machined  specimens  were  tested  primarily  to  determine 
the  tensile  strength  characteristics  of  the  Grades  60  and  75  bars  for  use  '.■■•hcn  as.soss- 
ing  how  effective  the  various  spliced  specimens  were  when  tested.  .Ml  tests  v.-ere  con¬ 
ducted  in  a  200,000-pound-capacity  dynamic  loader .1  Under  all  loading  rates,  the  break¬ 
ing  strength  for  all  three  splice  types  was  greater  than  the  125  percent  of  nominal 
yield  required  by  standards  set  forth  by  the  American  Concrete  Institute,  the  Ar-.erican 
Welding  Society,  and  the  Concrete  Reinforcing  Steel  In.stitute.  Apparently,  hov.'ever, 
the  heat  produced  by  the  three  splicing  methods  appreciably  reduced  the  ductility  of 
all  spliced  bars.  The  strains  in  the  bars  when  any  of  the  splice  types  failed  were 
generally  less  than  25  percent  nf  the  m.TXimum  strain  achieved  by'  the  as-rollect  or  ma¬ 
chined  bars  a,t  rupture,  '.’'’ry  fev;  of  the  spliced  bars  met  ASTM  standards  for  minimum 
elongations  of  7  and  5  percent,  re.spectively .  for  Grades  (>0  and  75  bars.  The  butt- 
v/elded  splices.  Thermit  spljees,  and  Cndweld  splices  all  performed  satisfa.ctorily  under 
rapid  rates  of  loading.  However,  it  is  believed  that  better  quality  control  can  be 
achieved  at  a  lesser  cost  using  either  a  Thermit  or  Cadweld  splice  in  lieu  of  a  but t- 
v/elded  splice.  The  Grade  60  bars  were  more  ductile  than  the  Gi-ade  75  bars  and  '.■■•ere 
also  more  nenr.it  Lve  vo  the  influence  of  strain  rai.e  on  the  dynamic  .st-'-'ro'th  of  tlio  bar.s 
tested.  An  opt. leal  tracker  was  used  to  measure  po.sl.y'ield  r;' rains  foti'  all  Mv-  sp'.’cimen 
types.  This  devic"  made  it  pos.sihle.  o.spccially  in  the  r-apid  strain  rate  'es's.  t.c 
measure  successfully  the  strains  across  the  various  spliced  .specimen.s. 
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